ABSTRACT There is currently little information on nonphosphorylated sugar epimerases, which are of potential interest for producing rare sugars. We found a gene (the TM0416 gene) encoding a putative D-tagatose-3-epimerase-related protein from the hyperthermophilic bacterium Thermotoga maritima. We overexpressed the TM0416 gene in Escherichia coli and purified the resulting recombinant protein for detailed characterization. Amino acid sequence alignment and a structural similarity search revealed that TM0416 is a putative nonphosphorylated sugar epimerase. The recombinant enzyme exhibited maximal C-3 epimerization of L-ribulose to L-xylulose at ϳ80°C and pH 7 in the presence of 1 mM Mn 2ϩ . In addition, this enzyme showed unusually high activity for the epimerization of D-tagatose to D-sorbose, with a conversion yield of 20% after 6 h at 80°C. Remarkably, the enzyme catalyzed the isomerization of D-erythrose or D-threose to D-erythrulose significantly, with conversion yields of 71% and 54.5%, respectively, after 6 h at 80°C at pH 7. To further investigate the substrate specificity of TM0416, we determined its crystal structures in complex with divalent metal ions and L-erythrulose at resolutions of 1.5 and 1.6 Å. Detailed inspection of the structural features and biochemical data clearly demonstrated that this metalloenzyme, with a freely accessible substrate-binding site and neighboring hydrophobic residues, exhibits different and promiscuous substrate preferences, compared with its mesophilic counterparts. Therefore, this study suggests that TM0416 can be functionally classified as a novel type of L-ribulose 3-epimerase (R3E) with D-erythrose isomerase activity.
IMPORTANCE Rare sugars, which occur naturally in small amounts, have attracted considerable attention in the food and drug industries. However, there is little information on nonphosphorylated sugar epimerases, which might potentially be applied for the production of rare sugars. This study describes the characterization and functional annotation of a putative nonphosphorylated sugar 3-epimerase from a hyperthermophilic bacterium. Furthermore, we determined its crystal structures in complex with divalent metal ions and L-erythrulose, highlighting its metal-dependent, bifunctional, sugar-isomerizing activity. This hyperthermophilic R3E exhibited D-erythrose/D-threose isomerase activity, with structural features near the substrate-binding site distinct from those of its mesophilic counterparts. Moreover, this metalloenzyme showed unusually high activity for the epimerization of D-tagatose to D-sorbose at 70°C. Therefore, TM0416 can be functionally classified as a novel type of promiscuous R3E with a potential for the production of rare sugars for the food and pharmaceutical industries. L ow-calorie sweeteners have positive medical and economic effects when they are used to treat obesity and diabetes mellitus (1) . Rare sugars (e.g., D-tagatose, D-and L-sorbose, D-psicose, and L-ribose), which occur naturally in small amounts, have attracted considerable interest in the food and drug industries because they are potent sugar substitutes and important building blocks for pharmaceutically active ingredients (2) . D-Tagatose, which is classified as generally recognized as safe (GRAS) in the United States, can serve as a low-calorie sweetener and an antidiabetes and obesity-control drug (3) (4) (5) . In recent years, D-tagatose has been produced commercially using a thermostable L-arabinose isomerase (6, 7) ; D-sorbose, L-sorbose, and L-galactose are vitamin C precursors and have been used as low-cariogenesis sweeteners (8, 9) . D-Sorbose, a C-3 epimer of D-tagatose, is of special interest as a low-calorie sweetener (10, 11) , an insect-control agent (12) , and a starting material for L-threo-2, 5-hexodiulose (13) . Izumori (14) proposed "Izumoring" as a plausible strategy to biologically produce rare L-and D-ketohexose sugars from abundant raw materials (e.g., starch, whey, or hemicellulose). In this regard, D-tagatose 3-epimerase (T3E) (EC 5.1.3.31) has received attention as a potential biocatalyst for the epimerization of all ketohexoses at the C-3 position, producing rare sugars such as D-sorbose and D-psicose (15) (16) (17) (18) (19) (20) . T3E has not been investigated intensively, however, and its structural and functional relationships, including its substrate specificity, remain unclear. This has hampered its development and application as a novel enzyme for the industrial production of rare sugars.
Epimerases are a subgroup of isomerases that catalyze configurational reversal at an asymmetric carbon atom, usually by a deprotonation/protonation mechanism (21, 22) . The catalytic mechanism and biochemical properties of phosphorylated sugar epimerases have been reviewed extensively (22, 23) . Phosphorylated sugar epimerases can be divided into several groups, according to their mechanism of catalysis, i.e., (i) proton abstraction/addition (24, 25) , (ii) formation of a transient keto intermediate (26, 27) , (iii) carbon-carbon bond cleavage (28, 29) , (iv) mutarotation (ring opening) (30) , and (v) nucleotide elimination and readdition (31) . However, little is known about the nonphosphorylated L-ribulose 3-epimerase (R3E). Furthermore, T3E-like epimerases have unique substrate specificity for rare sugars, but only a few T3E-related epimerases have been characterized biochemically and/or structurally (15, 32, 33) .
To date, a variety of microbial genome sequences (Ͼ70,000 sequences) have revealed a large number of genes encoding putative ketohexose 3-epimerases, highlighting the need for functional characterization. The hyperthermophilic bacterium Thermotoga maritima (34) , which grows optimally at 80°C, represents one of the deepest and most slowly evolving lineages in the family Eubacteriaceae (35, 36) . Moreover, 10 to 15% of the predicted coding sequences in the 1.86-Mbp genome of T. maritima are involved in simple and complex sugar metabolism (36) . For this study, we chose a gene encoding a putative T3E-related protein (TM0416) from T. maritima, with an amino acid sequence similar to the sequences of D-psicose 3-epimerase (P3E) from Clostridium cellulolyticum (20.7% identity) (37) and T3E from Pseudomonas cichorii (20.0% identity) (15) .
To determine whether the protein encoded by the TM0416 gene can epimerize nonphosphorylated sugars at the C-3 position, we functionally and structurally characterized it and annotated it as a R3E with D-erythrose/D-threose isomerase activity. Subsequently, we determined the substrate spectrum of TM0416 and compared it with those of its homologs. related protein (36) . The TM0416 gene (816 bp), encoding a 271-amino-acid protein with a calculated molecular weight of 30,464, was amplified from T. maritima genomic DNA by PCR and cloned into the pET-15b expression vector to yield pET-15b_TM0416. As shown in Fig. 1A , the TM0416 gene was successfully expressed as an N-terminal hexahistidine-tagged fusion protein in Escherichia coli BL21(DE3) upon isopropyl-␤-Dthiogalactopyranoside (IPTG) induction. After disruption of the protein-expressing E. coli BL21(DE3) cells by sonication, the cell lysates were heated to 70°C to remove the majority of endogenous proteins, while the expressed protein remained soluble (Fig.  1A) . A single step of Ni 2ϩ -chelate affinity chromatography served to purify the recombinant protein to Ͼ90% purity, with a yield of 76%. Subsequent thrombin digestion to remove the hexahistidine tag, followed by gel filtration chromatography, yielded an intact protein with an apparent molecular mass of 30 kDa estimated by SDS-PAGE, consistent with the theoretical molecular mass of 30,464.1 Da calculated from the presumptive amino acid sequence (Fig. 1A) . Gel filtration chromatography on Superdex 75 pg resin yielded an estimated molecular mass of 60 kDa, suggesting a homodimeric structure (Fig. 1B) .
Primary sequence of TM0416 and structural comparisons with its homologs. The amino acid sequence alignment of several TM0416 homologs showed that TM0416 exhibited poor sequence identity (16.7 to 20.7%) with respect to known epimerases (Table 1) . However, a structural similarity search of the DALI server (see Table S2 in the supplemental material) (38) using the partially solved three-dimensional structure of TM0416 (PDB accession no. 2ZVR) (39) revealed that its 89-amino-acid sequence is quite similar to highly conserved structural regions from Mesorhizobium loti R3E (MLR3E) (PDB accession no. 3VYL), Pseudomonas cichorii T3E (PCT3E) (PDB accession no. 2QUL), and Agrobacterium tumefaciens P3E (ATP3E) (PDB accession no. 2HK0). In addition, TM0416 was found to have the manganese-binding motif (DXXH), which is widely distributed among epimerases (21, 28-30, 40, 41) . Therefore, the structural similarity search using the DALI server, based on the primary and tertiary structures of TM0416 homologs, suggested that, despite the low level of amino acid sequence identity to the homologs, a conserved structural feature of those sugar epimerases is descended from a common structural fold responsible for the C-3 epimerization of ketoses.
Biochemical characterization of recombinant TM0416. To determine whether TM0416 epimerizes either ketohexose or ketopentose, we performed enzymatic reactions with various C 4 , C 5 , and C 6 sugars as substrates and then analyzed the reaction products by high-performance liquid chromatography (HPLC) (Fig. 2A) . TM0416 was able to catalyze the C-3 epimerization of L-ribulose, D-tagatose, and D-psicose, resulting in the production of L-xylulose (66.3%), D-sorbose (20.4%), and D-fructose (20%), respectively, under the assay conditions used. However, this enzyme exhibited no activity for C-4 epimerization of D-tagatose to D-fructose. Thus, it was tentatively concluded that the recombinant TM0416 might be an R3E that prefers L-ribulose over D-tagatose or D-psicose, and we used L-ribulose as a substrate to study the biochemical properties of TM0416. The temperature dependence and pH dependence of the recombinant TM0416 were also investigated, using HPLC to detect L-xylulose after 4 h of incubation at various temperatures and pH values. The optimal temperature for the recombinant TM0416 was ϳ80°C (Fig. 1C) , and the purified enzyme showed optimal activity at pH 6.5 to 7.0 ( Fig. 1D ). Several sugar epimerases that are involved in the pentose phosphate pathway require divalent metal ions for epimerization via a cis-enediolate-stabilized intermediate (29) . Therefore, to investigate the effects of divalent metal ions on TM0416 activity, we purified a metal-depleted enzyme by using EDTA treatment followed by dialysis to yield the apo form of TM0416 (with an estimated 0.015 Ϯ 0.001 equivalents of Mn 2ϩ per subunit), which was verified using high-resolution inductively coupled plasma mass spectrometry (ICP-MS). The as-isolated enzyme (with 0.08 Ϯ 0.001 equivalents of Mn 2ϩ per subunit) showed pronounced activity, but the apo enzyme showed no activity in the absence of divalent metal ions (Fig. 1E ). However, enzyme activity was significantly restored by the addition of divalent metal ions such as 1 mM Mn 2ϩ and Ni 2ϩ , indicating that TM0416 activity is absolutely dependent on divalent metal ions. Ni 2ϩ , Mg 2ϩ , Co 2ϩ , and Zn 2ϩ acted as strong metal cofactors, whereas TM0416 activity was inhibited by Ca 2ϩ , Cu 2ϩ , and Fe 2ϩ (Fig. 1E) . The thermal unfolding profile of the recombinant TM0416 revealed that this enzyme is hyperthermostable, with an apparent melting temperature (T m ) of 102.4°C (Fig. 1F) .
Substrate specificity of TM0416. To investigate the substrate preferences of TM0416, we first determined the equilibrium ratios between D-tagatose and D-sorbose (or D-fructose and D-psicose) and between L-ribulose and L-xylulose. As shown in Fig 
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a Experiments were carried out for 3 h at 80°C at pH 7.0 in the presence of 1 mM Mn 2ϩ . The reaction mixture (120 l) contained 50 mM HEPES buffer (pH 7.0), 1 mM MnCl 2 , 40 mM each monosaccharide as the substrate, and the enzyme (1 mg ml Ϫ1 ). The data are mean Ϯ standard deviation (SD).
C-3 epimer trans-ketoses (L-xylulose, D-xylulose, D-fructose, and D-sorbose, respectively), among the sugars tested in this study (Fig. 2B) . Serendipitously, we also examined C 4 sugars, such as D-erythrose and D-threose, and their epimerization reactions ( Table 2) . Although TM0416 did not show C-3 epimerization activity with those sugars, it showed the highest activity for the conversion of either D-erythrose or D-threose to D-erythrulose, with poor activity for the reverse reactions (Fig. 2) . These results suggest that TM0416 is a bifunctional sugar isomerase (i.e., C-3 epimerization and aldose-ketose isomerase).
Based on these data, we determined the kinetic parameters of TM0416 with various C 4 , C 5 , and C 6 sugars as the substrates, at 70°C and pH 7, using Michaelis-Menten kinetics (Table 3 ). TM0416 had lower K m values, higher turnover numbers (k cat values), and higher catalytic efficiency (k cat /K m ) values for ketopentoses than for ketohexoses, which is consistent with its substrate preferences ( Table 2) . We noticed that the catalytic efficiency (k cat /K m ) values of TM0416 for L-ribulose and D-ribulose were approximately 10 to 20 times higher than those for D-tagatose and D-psicose (data not shown), indicating that this enzyme prefers C 5 ketoses over C 6 ketoses as substrates. Notably, isomerization of D-erythrose and D-threose to D-erythrulose exhibited the highest catalytic efficiency and lower K m values than with the C 5 ketoses we tested (Table 3) . Therefore, although direct comparison is difficult, TM0416 appears to be closer to MLR3E than to PCT3E, C. cellulolyticum P3E (CCP3E), and ATP3E with respect to substrate specificity, suggesting that this enzyme can be classified as a novel type of R3E with strong isomerization activity for C 4 sugars.
Crystal structure of TM0416 in complex with divalent metal ions and L-erythrulose. To understand in detail the structural features of TM0416 and the molecular mechanism by which it carries out epimerization, we determined its crystal structures in complex with divalent metal ions (i.e., Mn 2ϩ , Ni 2ϩ , Co 2ϩ , and Cu 2ϩ ) and L-erythrulose (Table 4 ; also see Table S1 ). The asymmetric unit contained two R3E molecules, and the model included complete ordered residues 1 to 270 of a subunit and two metal atoms (Fig. 3A) . As shown in Fig. 3B and D, the subunit structure of TM0416 comprises an (␣/␤) 8 barrel fold encompassing three additional helical segments, i.e., ␣3=, ␣4=, and ␣6=, which are positioned at the forefront of ␣3, ␣4, and ␣6, respectively. As shown in Fig. 3C , the subunit structure of TM0416 was superimposed on four homologous proteins with the greatest structural similarity (as described above), i.e., CCP3E (PDB accession no. 3VNI; root mean square deviation [RMSD], 2.0 Å), PCT3E (PDB accession no. 2QUL; RMSD, 2.2 Å), ATP3E (PDB accession no. 2HK0; RMSD, 2.1 Å), and MLR3E (PDB accession no. 3VYL; RMSD, 1.9 Å), indicating that the main-chain coordinates of TM0416 are quite similar to those of its bacterial homologs, except for the absence of a short ␣8= helix.
Based on the B-factor analysis and the atomic absorption spectrum, the bound metal ions were defined as Mn 2ϩ , Ni 2ϩ , Co 2ϩ , or Cu 2ϩ (Fig. 4A) . The crystal structures of PCT3E in complex with Mn 2ϩ (PDB accession no. 2QUL) and MLR3E in complex with Mn 2ϩ (PDB accession no. 3VYL) were superimposed on the structures of TM0416, with RMSD values of 0.96 to 0.95 Å for Mn 2ϩ -, Ni 2ϩ -, Co 2ϩ -, and Cu 2ϩ -bound forms of the C-␣ atoms of 270 residues; those structures enabled us to identify the metal-binding residues in TM0416 (Fig. 4A ). As shown in Fig. 4A , the Mn 2ϩ ion bound to TM0416 is coordinated by four amino acid residues (Glu149, Asp182, His208, and Glu243), which are also highly conserved in CCP3E, ATP3E, and PCT3E (Fig. 4C ). In addition, three water molecules (W1, W2, and W3) proximal to Mn 2ϩ are hydrogen bonded with Glu149, His185, Arg214, and Glu243, forming a distorted octahedral structure. W2 in the center of the network is linked directly to Mn 2ϩ and Glu243 and indirectly to Arg214 and His185 via W3, which forms three additional hydrogen bonds to further stabilize the active site. Such a water-mediated hydrogen-bonding network may facilitate the protonation/deprotonation function of divalent metal ions during catalysis. Although we cannot rule out the possibility that differences in the atomic sizes of metal ions could affect the metal-binding architecture, the loss of W2 loosened the coordination of the authentic bond network in the metal-binding site, due to the flexibility of Glu243 and Arg214 ( Fig. 4A ; also see Fig. S1 ). Indeed, Glu243 and Arg214 displayed higher B-factors (17.7 Å 2 and 13.1 Å 2 , respectively) than the B-factors for Co 2ϩ (11.5 Å 2 and 11.7 Å 2 ), Ni 2ϩ (11.2 Å 2 and 11.0 Å 2 ), and Mn 2ϩ (10.6 Å 2 and 11.3 Å 2 ). These structural features may explain the scarce catalytic activity of TM0416 in the presence of Cu 2ϩ (Fig. 1E) . The difference Fourier maps (2F o -F c maps) revealed a high electron density of bound L-erythrulose as a substrate analogue proximal to the metal-binding site with coordi- nation distances of atoms in the enzyme-substrate complexes (Fig. 4B) . However, we were unable to determine the crystal structure of TM0416 with such potential substrates as D-tagatose, D-fructose, and D-sorbose. The O-1 atom of L-erythrulose coordinates with Mn 2ϩ and Glu149 and forms a hydrogen bond with Glu149 (2.5 Å) (Fig. 4B) . The O-2 atom of L-erythrulose coordinates with Mn 2ϩ , His185, and Arg214 through hydrogen bonds, and the O-3 atom forms hydrogen bonds with Glu155, His185, and Arg214. Similar to the substrate-binding mode found in other sugar-converting enzymes, water molecules (W2 and W3) in the metal-only active site are displaced when Structure-based amino acid sequence alignment of TM0416 and its homologs. The secondary structure assignments for TM0416 are shown above the alignment. Amino acid residues that are identical in all of the displayed sequences are marked by asterisks; strongly conserved and weakly conserved residues are indicated by colons and dots, respectively. Metal-binding residues are shown in green. Four residues (Glu149, Asp182, His208, and Glu243) in TM0416 are responsible for the deprotonation/protonation at the C-3 epimerization center; the corresponding residues in CCP3E (Glu150, Asp183, His209, and Glu244), PCT3E (Glu152, Asp185, His211, and Glu246), ATP3E (Glu150, Asp183, His209, and Glu244), MLR3E (Glu147, Asp180, His206, and Glu241), and Mesorhizobium loti T3E (Glu141, Asp173, His199, and Glu234) are depicted in green.
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L-erythrulose resides in the active site. An additional water molecule (W4), which was observed in Co 2ϩ -, Ni 2ϩ -, and Mn 2ϩ -bound structures, forms a hydrogen bond with the O-4 atom of L-erythrulose (Fig. 4B) . Taken together, these findings indicate that substrate binding by TM0416 involves the residues Glu149, Glu155, His185, Arg214, and W4. Notably, compared with the substrate-bound forms of CCP3E (PDB accession no. 3VNJ), ATP3E (PDB accession no. 2HK1), and PCT3E (PDB accession no. 2QUM), TM0416 revealed a distinct structural feature for coordinating substrate binding near the active site. As shown in 
T. maritima L-Ribulose 3-Epimerase Applied and Environmental Microbiology
However, the residues of CCP3E, ATP3E, and PCT3E that are responsible for the creation of a hydrophobic pocket around the C-4, C-5, and C-6 positions of the substrate are variable in TM0416 (i.e., Val6, Gly68, Gly112, Leu113, and Leu245). In particular, Tyr6 in CCP3E, which was proposed as a key residue for direct hydrogen bonding to the substrate at C-6 (42), is replaced by hydrophobic Val6 in TM0416, with displacement 4.5 Å away from Tyr6. The structural features mentioned above suggest that TM0416 has potentially greater specificity for C 5 ketoses than C 6 ketoses, owing to the differences in the hydrophobic pocket. Moreover, such distinct substrate binding coordination may facilitate C 4 sugars fitting into the pocket.
DISCUSSION
TM0416 homologs seem to play a key role in catalyzing the C-3 epimerization of various ketohexoses (e.g., D-tagatose, D-sorbose, D-psicose, and D-fructose), but their structures and true functions remain unclear. Very recently, TM0416 was proposed to be a plausible enzyme that catalyzes the C-4 epimerization of 5-keto-L-gluconate to D-tagaturonate, which is involved in the myo-inositol pathway (43) . Our biochemical and structural characterization clearly demonstrated that TM0416 might be a bifunctional R3E. Intriguingly, our equilibrium studies and kinetic data clearly showed that, although the recombinant TM0416 exhibited pronounced activity of C-3 epimerization of D-ketohexoses, it showed a greater substrate preference for L-ketopentoses, with an isomerization activity with C 4 sugars ( Tables 2 and 3 ). As shown in Fig. 4 , two strictly conserved residues, i.e., Glu149 and Glu243, near the active site of TM0416 are probably responsible for the deprotonation/protonation at the C-3 epimerization center, suggesting that this enzyme follows a two-base catalytic mechanism (22) . Regarding this mechanism, it is proposed that the H-3 of the bound ketose faces the carboxyl group of Glu243; deprotonation at C-3 in the forward reaction can be achieved by Glu243. Substrate binding is further stabilized by an interaction with a bound metal in an octahedral coordination (Fig. 4) . Indeed, superposition of PCT3E (PDB accession no. 2QUN) onto TM0416 (RMSD values of 1.9 to 2.0 Å for the C-␣ atoms of 270 amino acid residues) enabled us to propose the residues involved in the divalent metal ion and substrate binding of TM0416. As shown in Fig. 3D , the metal-ligand-binding residues of TM0416 are well conserved in PCT3E. Based on the structural and mechanistic features of TM0416 and PCT3E, it is suggested that the two enzymes share a binding niche for ketoses as substrates, in the sense that their substrate-binding residues for C-1 to C-3 of ketoses are highly conserved (Fig. 4) . This hypothesis fits well with the observation that both enzymes show higher activity for cis-ketoses at the C-3 and C-4 positions (e.g., L-ribulose and D-tagatose) than for trans-ketoses (e.g., L-xylulose and D-sorbose). Notably, the L-erythrulose-bound R3E structure with Mn 2ϩ shows that C-1 to C-3 of L-erythrulose are well superimposed on the corresponding carbons in the hexoses in CCP3E, PCT3E, and ATP3E, supporting a common binding site for ketoses (Fig.  4C) . However, TM0416 showed higher activity with L-ribulose and D-erythrose than D-tagatose, whereas PCT3E exhibited the opposite activity (15, 44) . Such a discrepancy in substrate preferences may be ascribed to the variable substrate-binding residues at the C-5 and C-6 positions of bound substrates (Fig. 4C) . In addition, some of the major differences with respect to other homologs are that TM0416 exhibits a unique solventaccessible substrate-binding pocket because of the absence of an ␣8= helix and the residues forming a hydrophobic environment around the substrate in TM0416 differ from those in the other enzymes (Fig. 5A) . Indeed, other structures, including PCT3E, ATP3E, and MLR3E, have an ␣8= helix between the ␤8 strand and the ␣8 helix that covers the active-site cleft, effectively sealing off the bound substrate (45) . However, it is notable that the C-terminal ␣8 helix of TM0416 lacks the short ␣8= helix that is present in the other four enzymes (Fig. 5B) . TM0416 does not seem to undergo a substrate-induced conformational change like its mesophilic counterparts. As shown in Fig. 5B , the ␤4-␣4 loop of ATP3E, serving as the lid over the active site, seems to be absent in the corresponding ␤4-␣4 loop (R115 to Y123) of TM0416, because the loop length is four amino acids shorter than that of ATP3E. Displacement of the ␣1=-␣1 loop of ATP3E, which is responsible for induced conformational changes in association with the ␤4-␣4 loop of ATP3E for substrate binding (44, 45) , was not observed in TM0416 (Fig. 5B) . Overall, residues in the substrate-binding pockets, including Phe7 (Tyr6), Trp15 (Trp14), Cys66 (Gly65), Trp113 (Trp112), and Phe248 (Phe246) in PCT3E (corresponding to those in ATP3E), which are located on the ␣1=-␣1 and ␤4-␣4 loops and the ␣8= helix described above, were replaced by Val6, Phe19, Gly68, Leu113, and Leu245, respectively, in TM0416. This structural feature can explain the low C 6 -substrate-binding affinity of TM0416. Thus, although the key residues involved in the catalytic reaction (i.e., metal binding and O-1, O-2, and O-3 bonding) are highly conserved, comparison of the crystal structure of TM0416 with those of PCT3E and ATP3E to determine substrate binding supports the idea that TM0416 catalyzes epimerization in a manner similar to that of other 3-epimerases, with clear differences in the hydrophobic pocket around the substrate and the presence of a unique solvent-accessible active site. These structural features also suggest that the substrate specificity of TM0416 differs substantially from those of other T3E-family enzymes, based on the fact that this enzyme can convert either D-erythrose or D-threose to D-erythrulose ( Fig. 2 and 4) . Moreover, additional physical differences in the substrate size, binding pocket volume, and/or interactions between the binding residues and bound substrates at the C-5 and C-6 positions might explain these enzymes' promiscuous substrate preferences. Notably, several residues on the globular surface of TM0416 that were bound to Mn 2ϩ , Ni 2ϩ , Co 2ϩ , and Cu 2ϩ showed significant displacements, which may explain why the C-3 epimerization activity of the enzyme was specific for these species of metal ions (Fig. 4A) .
The catalytic activity of TM0416 for the C-3 epimerization of nonphosphorylated ketoses absolutely required divalent metal ions (Fig. 2) . It has been noted that the phosphate groups of phosphosugars play a key role in the orientation and direction of sugars bound to the substrate-binding site of sugar-converting enzymes (46) . However, phosphosugar epimerases, such as D-ribulose-5-phosphate 3-epimerase (EC 5.1.3.1) and L-ribulose-5-phosphate 4-epimerase (EC 5.1.3.4), absolutely depend on divalent metal ions for epimerization activity (28, 30, 47) . Thus, we speculate that sugar-epimerizing enzymes that use phosphosugars and nonphosphorylated sugars as substrates share common structural features through divergent evolution from common superfamily enzymes. TM0416 appears to be the most thermostable R3E among the homologs reported to date, and such thermophilicity could be advantageous for producing rare C 4 sugars on an industrial scale. Moreover, TM0416, with very broad and/or even promiscuous substrate specificity toward a wide variety of sugars, could be used as a robust and thermostable starting enzyme for the engineering of new enzymes for industrial applications. Recently, Bosshart et al. (48) carried out directed evolution of PCT3E through saturation mutagenesis, to increase the thermostability to meet industrial demands at elevated temperatures, which suggests that the residue resulting from the F157Y mutation could form a hydrogen bond with the strictly conserved N155 residue on the other subunit, thereby stabilizing the dimer interface. Remarkably, native hyperthermophilic TM0416 seems to form a hydrogen bond between Y154 (corresponding to F157 in PCT3E) and N152 (N155), consistent with the mutational result for PCT3E. Several groups have developed synthetic methods for the production of rare sugars but the yields were poor and the procedures were characterized by enantioselectivity and regioselectivity, a laborious process, and expensive starting materials (7, 17, 49, 50) . Alternatively, some biological approaches using microbial enzymes were exploited to produce rare sugars (6, 7, 14) . In recent years, successful production of rare sugars was carried out using hyperthermophilic sugar-metabolizing enzymes (6, 7) . In light of this, TM0416 is an excellent model system for investigating the molecular evolution between phosphorylated and nonphosphorylated sugar epimerases, which will also provide insight into the design and development of customized enzymes for the production of rare sugars.
MATERIALS AND METHODS
Bacterial strains and culture conditions. T. maritima MSB8 was obtained from Deutsche Sammlung von Mikroorganismen (DSM) (Braunschweig, Germany). T. maritima was grown for 48 h at 80°C in an artificial seawater-based medium (DSM medium 343), in sealed serum bottles, under N 2 gas. Escherichia coli DH5␣ cells were used as the host for the construction of cloning and expression vectors. E. coli BL21(DE3) was used as the expression host for the recombinant TM0416 from T. maritima. E. coli strains were grown at 37°C in Luria-Bertani (LB) medium with ampicillin (100 g ml Ϫ1 ), in a rotary shaker. The pTOP Blunt V2 vector (Enzynomics, Daejeon, South Korea) was used for cloning and sequencing, and the pET-15b vector (Novagen, Madison, WI) was used for expression. Growth was monitored by determining the optical density at 600 nm (OD 600 ) with an Ultra 8000 spectrophotometer (GE Healthcare, Piscataway, NJ).
Cloning and expression of T. maritima D-tagatose-3-epimerase-related protein TM0416. A search of the microbial genome sequences in GenBank revealed a TM0416 gene encoding a putative T. maritima D-tagatose 3-epimerase (T3E) (36) . Genomic DNA was isolated from T. maritima and purified using a genomic DNA extraction kit (Qiagen, Hilden, Germany), according to the manufacturer's instructions. The TM0416 gene was amplified by PCR from T. maritima genomic DNA using the following forward and reverse primers (with NdeI and BamHI sites, respectively, underlined): TM_T3E F, 5=-CATA TGAAGCTATCTCTGGTGATCAGTAC-3=; TM_T3E R, 5=-GGATCCTCATGTAAGTTTAATAATCAGTTC-3=. NdeI and BamHI sites were integrated into the primers for cloning into pET-15b. The PCR mixture (50 l) contained 2 mM MgCl 2 , 20 ng of genomic DNA, 10 pmol of each primer, 0.2 mM deoxynucleoside triphosphate (dNTP) mix, and 2.5 U of PrimeSTAR polymerase (TaKaRa Co., Shiga, Japan). After the initial denaturation for 5 min at 95°C, the DNA was amplified in 30 cycles of 30 s of denaturation at 95°C, 5 s of annealing at 58°C, and 1 min of extension at 72°C; this was followed by a final extension step of 10 min at 72°C. The PCR product was cloned into pTOP Blunt V2 and was used to transform competent E. coli DH5␣ cells. Transformants containing pTOP Blunt V2 harboring the gene encoding TM0416 were selected on LB plates containing ampicillin. Plasmid DNA was isolated from the transformants with TM0416 was solved initially by molecular replacement (MR) with PDB accession no. 2ZVR as the search model and was refined using the CCP4i program REFMAC5 (55) . Subsequent model building and refinement were performed with the refinement tool in PHENIX software (56) and Coot (57) . The R free and R work values, which are measures of the ability of the final model, were 18.4% and 19.4%, respectively. The Mn 2ϩ -bound and L-erythrulose-bound TM0416 structures were used as models for MR of the other metal-bound TM0416 structures. All illustrations of the structures of TM0416 and its homologs were generated using PyMOL v1.8 (DeLano Scientific). Accession number(s). The structures of TM0416 with Mn 2ϩ , Ni 2ϩ , Co 2ϩ , Cu 2ϩ , and L-erythrulose were deposited in the Protein Data Bank under accession numbers 5H6H, 5B7Z, 5B7Y, 5B80, and 5H1W, respectively (Table 4 ; also see Table S1 ).
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